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Sirtuins with an extended N-terminal domain (NTD), represented by yeast Sir2 and human SIRT1, harbor intrinsic 
mechanisms for regulation of their NAD-dependent deacetylase activities. Elucidation of the regulatory mecha- 
nisms is crucial for understanding the biological functions of sirtuins and development of potential therapeutics. In 
particular, SIRT1 has emerged as an attractive therapeutic target, and the search for SIRT1-activating compounds 
(STACs) has been actively pursued. However, the effectiveness of a class of reported STACs (represented by res- 
veratrol) as direct SIRT1 activators is under debate due to the complication involving the use of fluorogenic sub- 
strates in in vitro assays. Future efforts of SIRT1-based therapeutics necessitate the dissection of the molecular 
mechanism of SIRT1 stimulation. We solved the structure of SIRT1 in complex with resveratrol and a 7-amino-4- 
methylcoumarin (AMC)-containing peptide. The structure reveals the presence of three resveratrol molecules, two 
of which mediate the interaction between the AMC peptide and the NTD of SIRT1. The two NTD-bound resveratrol 
molecules are principally responsible for promoting tighter binding between SIRT1 and the peptide and the stim- 
ulation of SIRT1 activity. The structural information provides valuable insights into regulation of SIRT1 activity 
and should benefit the development of authentic SIRT1 activators. 


[Keywords: histone/protein deacetylase; resveratrol; sirtuins; structure] 


Supplemental material is available for this article. 


Received May 11, 2015; revised version accepted June 1, 2015. 


Sirtuins are NAD-dependent protein deacetylases catalyz- 
ing the removal of the acetyl group of an acetylated lysine 
residue concomitant with the cleavage of the nicotin- 
amide group from NAD, resulting in reaction products 
of a deacetylated protein, nicotinamide, and a novel com- 
pound (2’-O-acetyl-ADP-ribose) (Imai et al. 2000; Landry 
et al. 2000; Smith et al. 2000; Tanner et al. 2000; Sauve 
et al. 2001; Tanny and Moazed 2001). Crystal structures 
of several archael, yeast, and human sirtuins have been 
solved, and they revealed a conserved catalytic core com- 
posed of a Rossmann-fold large lobe and a zinc-containing 
small lobe (Finnin et al. 2001; Min et al. 2001; Avalos et al. 
2002; Zhao et al. 2003, 2013; Schuetz et al. 2007; Jin et al. 
2009; Pan et al. 2011; Davenport et al. 2014). NAD is 
bound in the cleft formed between the two lobes, with 
the nicotinamide group pointing inside of the cleft. The 
substrate acetyl-lysine approaches the nicotinamide 
group of NAD via a hydrophobic channel. The combined 
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biochemical and structural analyses have yielded consid- 
erable understandings of the catalytic mechanism of sir- 
tuins (Sauve et al. 2006; Sanders et al. 2010; Feldman 
et al. 2012). 

The two best-characterized sirtuins are yeast Sir2 and 
human SIRT1. While Sir2 primarily deacetylates Lys16 
of histone H4 (H4K16), a variety of SIRT1 substrates—in- 
cluding histones, p53, FOXOs, and PGC-la—have been 
reported (Luo et al. 2001; Vaziri et al. 2001; Brunet et al. 
2004; Motta et al. 2004; Vaquero et al. 2004; Rodgers et 
al. 2005). Accordingly, SIRT1 has been reported to func- 
tion in many physiological and pathological processes, 
such as aging and the development of metabolic, neurode- 
generative, and cardiovascular diseases (Guarente 2011). 
Therefore, modulating the SIRT1 activities by small mol- 
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ecules might serve as an effective therapeutic strategy to- 
ward the aforementioned diseases, and there has been 
great interest in finding SIRT1l-activating compounds 
(STACs) (Baur 2010; Sinclair and Guarente 2014). Large- 
scale screenings have yielded a number of possible STACs, 
among which is a class of polyphenol compounds, notably 
represented by resveratrol, an ingredient of red wine 
(Howitz et al. 2003; Sauve et al. 2005; Milne et al. 2007; 
Bemis et al. 2009). However, several studies questioned 
the effectiveness of resveratrol and related compounds 
as direct SIRT1 activators, pointing out that the observed 
stimulatory effect depended on the presence of a fluores- 
cent group in the substrates used in in vitro assays (Borra 
et al. 2005; Kaeberlein et al. 2005; Pacholec et al. 2010). 
Nevertheless, it is possible that the artificial fluorescent 
group in the substrate peptide may mimic an aromatic res- 
idue in certain natural substrates of SIRT1 (Dai et al. 2010; 
Hubbard et al. 2013; Lakshminarasimhan et al. 2013; Sin- 
clair and Guarente 2014). 

Regardless of the nature of the substrates, it was found 
that the stimulatory effect of resveratrol requires the pres- 
ence of an N-terminal domain (NTD) in addition to the 
catalytic domain (CD) of SIRT1 (Milne et al. 2007; Hub- 
bard et al. 2013). There are seven sirtuins in humans, and 
SIRT1 distinguishes itself from others in having sizable 
N-terminal and C-terminal extensions beyond the con- 
served catalytic core (Frye 2000). In vitro studies showed 
that three regions of the 747-residue human SIRT1 are 
required to recapitulate known biochemical properties 
of the full-length protein. They include the ~260-residue 
CD located in the middle, an ~25-residue C-terminal 
ESA sequence, and an ~50-residue NTD (Fig. 1A; Kang 
et al. 2011; Pan et al. 2012; Hubbard et al. 2013). In partic- 
ular, Glu230 in NTD was shown to be critical for stimula- 
tion by resveratrol (Hubbard et al. 2013). 

The structure of the CD of SIRT1 with and without the 
C-terminal ESA polypeptide has been determined previ- 
ously (Zhao et al. 2013; Davenport et al. 2014). The struc- 
ture of the catalytic core resembles that of other sirtuins, 
and the ESA polypeptide folds into a ß hairpin, which 
is juxtaposed with the parallel B strands of the Ross- 
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SIRT1 structure 


mann-fold domain and forms an extended, mixed ß sheet 
(Davenport et al. 2014). However, little is known about 
the structure of the SIRT1 NTD. This structural infor- 
mation is vital for understanding the stimulatory effect 
of resveratrol regardless of whether it works for natural 
substrates, as it will provide valuable insights into how 
SIRT1 activity is modulated, and this knowledge should 
be useful for the development of authentic, effective acti- 
vators of SIRT1. 


Results 


Deacetylase activities of SIRT1 fragments 


Since resveratrol was shown to stimulate the deacetylase 
activity of SIRT1 toward a four-residue acetylated p53 
peptide, termed p53-AMC (7-amino-4-methylcoumarin], 
which carries a C-terminal AMC fluorophore, we intend- 
ed to cocrystallize SIRT1 with resveratrol and the p53- 
AMC peptide. To achieve crystallization, we engineered 
a truncated version of SIRT1, termed SIRT1-143, spanning 
residues 143-665 but with the intervening sequences 
(amino acids 513-640) between the CD and ESA removed 
and the remaining segments spliced together without 
an exogenous linker (Fig. 1A). Judging by a continuous, en- 
zyme-coupled microplate assay (Smith et al. 2009), SIRT1- 
143 exhibited an enzymatic activity level comparable 
with that of a longer SIRT1 fragment lacking only 88 N- 
terminal residues (SIRT1-89-747) using p53-AMC as the 
substrate (Fig. 1B,C). Furthermore, the deacetylase activi- 
ty of SIRT1-143 is stimulated by resveratrol in a manner 
similar to that of the full-length protein, while a truncated 
form of SIRT1-143, SIRT1-241, lacking the noncatalytic 
NTD, was not stimulated by the addition of resveratrol 
(Fig. 1B). Therefore, a SIRT1-143 structure would reveal 
the salient features of SIRT1 activation by resveratrol. 
We succeeded in crystallizing a quadruple cysteine-to-ser- 
ine mutant (C253S, C2688, C501S, and C502S) of SIRT1- 
143, termed SIRT1-143CS, which shares the enzymatic 
properties of the parental fragment (Fig. 1B), in complex 
with resveratrol and the p53-AMC peptide, and a 3.2-A 


Figure 1. SIRT1 fragments and their resveratrol- 
dependent deacetylation activities. (A) A schematic 
diagram showing functional domains in full-length 
SIRT1 (top) and a truncation variant (SIRT1-143) 
used for crystallization (bottom). (B) A bar diagram 
showing deacetylase activities of the indicated 
SIRT1 fragments and the stimulatory effects of 
0.5 mM resveratrol. (C) The p53-AMC peptide 
Ņ\ used for cocrystallization and deacetylation assays. 
The single-letter residue symbol together with the 
residue number indicates SIRT1 residues involved 
in protein-peptide interactions via main chain 
(filled circles) or side chain (filled boxes) groups. 
The red dashed lines denote hydrogen bonds, the 
brown thick curve indicates the acetyl-lysine-bind- 
ing pocket in SIRT1-CD, and the nearby indicated 


AMC 


residues represent ones contacting the acetyl-lysine via hydrophobic and/or van der Waals interactions. Cyan and green filled shapes in- 


dicate residues in CD and NTD, respectively. 
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structure was solved by molecular replacement (Table 1; 
Supplemental Fig. S1). 


Overall structure 


The structure of SIRT1-143CS in complex with resvera- 
trol and p53-AMC revealed a conserved catalytic core 
with an extended central 6 sheet formed by the juxtaposi- 
tion of the p hairpin from the ESA sequence (Fig. 2A; Zhao 
et al. 2013; Davenport et al. 2014). This arrangement of 
the ESA 6 hairpin is reminiscent of that of the C-terminal 
ß hairpin in yeast Sir2, indicating a largely structural role 
of the ESA sequence in the Sir2-SIRT1 clade of sirtuins 
(Fig. 2C; Hsu et al. 2013). The SIRT1 NTD is mainly com- 
posed of a core of three helices (amino acids 184—229}—a 
feature that can also be identified in Sir2 (although the 
Sir2 NTD has two extra helices}—and, when bound by an- 
other protein (Sir4) assumes a distinct spatial position 
(Fig. 2C,D, Hsu et al. 2013). Apart from covalent joining 
of the two domains, there are very few direct contacts be- 
tween the NTD and CD, with the notable exception of an 
interdomain hydrogen bond between Glu230 and Arg446 
(Fig. 2A,B}. 


Table 1. Statistics of crystallographic analysis 


Data collection 


Space group P4, 
Cell dimensions 

a,b,c 133.89 Å, 133.89 Å, 106.71 Å 

a, B, y 90°, 90°, 90° 
Wavelength 0.9792 A 
Resolution 50.00 A-3.20 A (3.31 A-3.20 ÅJ’ 
Rmerge 0.079 (0.717) 
I/ol 17.8 (2.3) 
Completeness 99.8 (100.0%) 
Redundancy 4.2 (4.3) 
Number of total/unique 130,624/31,197 
observations 

Refinement 

Resolution 50.00 A-3.20 A 
Number of reflections 31,180 
Rivoael Ries 0.207/0.252 
Number of atoms 

Protein 8459 

Peptide 174 

Zn** 3 

Resveratrol 153 

Water 11 
B-factors 

Protein 100.6 A? 

Peptide 80.6 A? 

Zn” 121.0 Å? 

Resveratrol 80.6 A? 

Water 58.6 A? 
RMSD 

Bond lengths 0.006 A 

Bond angles 0.979° 
Ramachandran plot 

Favored 98.4% 

Allowed 1.6% 


Data in parentheses are that of the highest-resolution shell. 
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The p53-AMC peptide is bound in a cleft formed be- 
tween the NTD and CD of SIRTI (Fig. 2). Like in all sir- 
tuins, a substrate-binding channel between the large and 
small lobes in the CD binds the target acetyl-lysine of 
p53-AMC. Additional direct interactions between the 
CD and the peptide involve three hydrogen bonds be- 
tween main chain carbonyl and amino groups of three 
SIRT1 residues (Gly415, Glu416, and Arg446) and the pep- 
tide (Fig. 1C). These hydrogen bonds are conserved in the 
structures of other sirtuin-peptide complexes known to 
date (Avalos et al. 2002; Zhao et al. 2003). Unique to the 
SIRT1-p53-AMC complex, Argl of the peptide interacts 
with Asn226 of the SIRT1 NTD via two hydrogen bonds: 
one between the carbonyl of Arg] and the side chain ami- 
no group of Asn226 and another between one w-amino 
group of Argl and the side chain hydroxyl group of 
Asn226 (Fig. 1C). The coumarin group of p53-AMC pro- 
jects away from the SIRT1 CD, with the ring plane rough- 
ly perpendicular to the side chain of acLys4 (Fig. 2B). 


Resveratrol binding 


Three resveratrol molecules are found in the structure, 
and they are denoted as Resl to Res3. Res] and Res2 
make hydrogen bonds with both the SIRT] NTD and 
p53-AMC, while Res3 contacts the SIRT1 CD and the 
peptide (Fig. 2B). One hydroxyl group of the dihydroxy- 
phenyl moiety of Resl bonds to the side chain of 
Glu230, and the other hydroxyl group contacts the 
main chain amino and carbonyl groups of Lys3 of p53- 
AMC. The phenyl ring of the hydroxyphenyl moiety 
of Resl stacks with the coumarin ring in parallel and 
also enjoys hydrophobic interactions with several resi- 
dues located in a2 and a3 of the SIRT1 NTD. Note 
that Glu230 of the SIRT1 NTD also interacts with 
Arg446 in the CD (Fig. 2B). Res2 is located ~4-5 A 
away from Res1, with its hydroxyl group of the hydrox- 
yphenyl moiety making hydrogen bonds to Gln222 and 
Asn226 of the SIRT1 NTD and also with the carbonyl of 
Argl of the peptide. The dihydroxyphenyl ring of Res2 
stacks edge to edge with the coumarin ring and also 
contacts both the NTD and CD via hydrophobic and 
van de Waals interactions. Res3 is located next to the 
SIRT1 CD, on the opposite side of the coumarin ring 
with respect to the locations of Resl and Res2 (Fig. 
2B). The hydroxyl groups of the dihydroxyphenyl moiety 
of Res3 interact with Asp292 and Asp298 in the CD. 
The distal hydroxyl group of Res3 bonds the carbonyl 
of Lys444, and the hydroxyphenyl ring stacks with the 
coumarin face to face. Res3 also interacts with Res2 
via a hydrogen bond (Fig. 2B). 

To date, several other sirtuin structures in complex 
with p53-AMC and resveratrol or its analogs, 4’-bromo- 
resveratrol and piceatannol, have been determined (Gertz 
et al. 2012; Nguyen et al. 2013). Resveratrol was reported 
to stimulate the activity of SIRT5 and inhibit SIRT3 using 
the fluorogenic “Fluor-de-Lys” (FdL; identical to p53- 
AMC) peptide as the substrate (Gertz et al. 2012). The 
structure of SIRT5 in complex with resveratrol shows 
that the only resveratrol molecule is bound in a location 
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near the binding site of Res3 in SIRT1 (Fig. 3A,B), although 
both the resveratrol molecule and the peptidyl coumarin 
moiety adopt significantly different orientations in the 
SIRT5 complex. In the SIRT3 complexes, the bromo-res- 
veratrol molecule is bound further away from the fluoro- 
genic peptide (Fig. 3C), while the piceatannol molecule 
occupies a position similar to that taken by Res2 in the 
SIRT1 complex (Fig. 3D). It should be noted that neither 
SIRT3 nor SIRT5 have an extended NTD as in SIRT1. 
The contrasting binding modes of resveratrol and its ana- 
logs in different sirtuin complexes reflect distinct binding 
conformation of the peptides and the local environments 
in separate sirtuins. 


SIRT1 structure 


Figure 2. Structure of the SIRT] ternary 
complex. (A) Overall structure of SIRT1 
with the protein domains color-coded as 
in Figure 1A. A pair of SIRT1 residues in- 
volved in NTD-CD interdomain interac- 
tions are shown in a stick model, with the 
hydrogen bonds indicated by white dashed 
lines. The acetylated p53-AMC peptide 
(carbon colored wheat) and resveratrol mol- 
ecules (carbon colored magenta) are shown 
as a stick model. (B) A detailed view of pro- 
tein-resveratrol and resveratrol-peptide in- 
teractions. (C) Superposition of SIRT1 and 
Sir2 structures aligned via their CDs. The 
ribbon structure of Sir2 is shown in light 
pink, and the structure of the SIRT1 com- 
plex is color-coded the same as in A, with 
the exception that the p53-AMC peptide 
is shown as a light-blue stick model. The 
SIR4 structure was removed for viewing 
clarity, but the blue-shaded region indi- 
cates its general location. (D) Superposition 
of the N-terminal helical domains of SIRT1 
and Sir2. 


Stimulatory effect of individual 
resveratrol molecules 


To determine the contribution of each resveratrol mole- 
cule, we separately mutated the SIRT1 residues con- 
tacting each resveratrol and compared the deacetylase 
activities of the SIRT1 mutants in the presence and 
absence of 0.2 mM resveratrol using the continuous 
enzyme-coupled microplate assay. Note that the muta- 
tions were intended to disrupt the hydrogen bonds be- 
tween the resveratrol and the protein, which may or 
may not completely abolish the binding of relevant resver- 
atrol molecules. Hence, strictly speaking, the change in 


Figure 3. Comparison of resveratrol-binding modes. 
(A) A surface representation (with electrostatic poten- 
tial distribution) of SIRT1 with the bound p53-AMC 
peptide and resveratrol. The NTD of SIRT1 was 
removed for viewing clarity. (B) The structure of 
SIRT5 with the bound peptide and resveratrol (Pro- 
tein Data Bank [PDB] ID 4HDA). (C) The structure 
of SIRT3 with the bound peptide and bromo-resvera- 
trol (PDB ID 4C7B). (D) The structure of SIRT3 with 
the bound piceatannol (PDB ID 4HD§8). Both the pep- 
tides (carbon colored gold) and resveratrol or its ana- 
log (carbon colored green) are shown as a stick model. 
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deacetylase activity is a consequence of perturbations 
to the observed resveratrol-binding mode. In agreement 
with previous observations, changing Glu230 to a lysine 
(E230K) or an alanine (E230A) significantly reduced the 
stimulatory effect of resveratrol, indicating that the bind- 
ing of Res is crucial for the elevated SIRT1 activity 
toward the p53-AMC peptide (Fig. 4A). The Q222A/ 
N226A double mutant of SIRT1 displayed a conspicuous 
level of reduction in response to the addition of resvera- 
trol, confirming the role of Res2 in the stimulation of 
SIRT1 activity. By comparison, a D292A/D298A mutant 
had a mild effect on SIRT1 activity in the presence of res- 
veratrol, suggesting an auxiliary role of Res3 in the stimu- 
lation of SIRT1 activity (Fig. 4A). Isothermal titration 
calorimetry (ITC) measurements revealed that resveratrol 
increased the binding between SIRT1 and the p53-AMC 
peptide, from an undetectable level without resveratrol 
to a Kp of 7.3 uM in the presence of 0.5 mM resveratrol 
(Fig. 4B). Under the same binding conditions, the E230K, 
Q222A/N226A, and D292A/D298A mutants of SIRT1 
bound the peptide with Kp values of 19.5 uM, 18.2 uM, 
and 6.5 uM, respectively (Fig. 4C-E). The binding for the 
E230A mutant was too weak to be reliably measured. 
The observed binding strengths appear to correlate with 
the level of resveratrol stimulation. 

The structure also shows that Glu230 makes an inter- 
domain contact with Arg446 in the SIRT1 CD (Fig. 2) in 
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addition to direct binding to reseveratrol. We hypothe- 
sized that stabilization of the interdomain arrangement 
configured by the Glu230—-Arg466 interaction might 
play an important role for the resveratrol-dependent ef- 
fect. To test this hypothesis, we made a R446A mutation, 
which should disrupt the Glu230—-Arg446 interaction 
without directly affecting hydrogen bonding between 
Glu230 and resveratrol, and measured its binding affinity 
and deacetylase activity toward the p53-AMC peptide. 
The R446A mutant bound the peptide with a Kp of 
17.7 uM in the presence of 0.5 mM resveratrol and dis- 
played a level of resveratrol stimulation similar to that 
of the E230K mutant (Fig. 4A,F). This result supports the 
notion that a proper interdomain arrangement is impor- 
tant for the stimulatory effect of resveratrol. To under- 
stand whether maintaining the interdomain interaction 
alone is sufficient for the resveratrol effect, we generated 
an E230R/R446E mutant swapping the two residues, 
with the expectation that the reciprocal change of amino 
acid residues will maintain a stable interdomain configu- 
ration. Evidently, the mutant had an impaired ability to 
stimulate SIRT1 activity and displayed a significantly 
weaker binding to the p53-AMC peptide (Fig. 4A,G). The 
result indicates that either the interdomain configuration 
is not restored by the amino acid swap, or a precise posi- 
tioning of the two amino acids is required for the resvera- 
trol effect. 
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Figure 4. Deacetylase activities and peptide-binding affinities of SIRT1 variants. (A) Deacetylation rates of the indicated SIRT1 variants 
toward p53-AMC in the absence and presence of 0.2 mM resveratrol. (B-G) ITC measurements of binding affinities of the p53-AMC pep- 
tide to the indicated SIRT1 variants in the presence of 0.5 mM resveratrol. 
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Resveratrol effect on native peptides 


Altogether, the structure shows that SIRT1 residues im- 
portant for binding Res] and Res2 are crucial for resvera- 
trol-dependent stimulation of deacetylation of p53-AMC 
and are all located in the NTD. It is interesting that direct 
interactions between the peptide and the SIRT1 NTD are 
scarce, with their contacts mainly mediated by two res- 
veratrol molecules (Figs. 1C, 2B). It was previously report- 
ed that resveratrol and other purported SIRT1 activators 
interact with fluorophore-attached p53 peptides weakly 
(Borra et al. 2005; Pacholec et al. 2010). The structure 
shows that resveratrol interacts with both the peptide 
and SIRT1, its NTD in particular. We attempted to mea- 
sure the binding affinities between resveratrol and the 
p53-AMC peptide as well as that between resveratrol 
and the SIRT1 NTD (using isolated protein domain) by 
ITC, but they were too weak to be reliably quantitated. 
Nevertheless, it is clear that resveratrol and the NTD 
synergistically increased the binding affinities of the 
fluorophore-attached peptide to SIRT1. The structural, 
biochemical, and biophysical results are consistent with 


SIRT1 structure 


an adaptor role of resveratrol to contour the surface of 
the SIRT1 NTD for optimal binding of the p53-AMC 
peptide. 

Although the resveratrol effect with the artificial p53- 
AMC peptide is clear, it is controversial with native pep- 
tides bearing no fluorophore. It was reported that resvera- 
trol could stimulate SIRT1’s activity toward acetylated 
peptides with a bulky aromatic residue at the +1 position, 
such as PGC-la and FOXO3a (Hubbard et al. 2013). We 
also measured the effect of resveratrol on fluorophore- 
free PGC-1a and FOXO3a peptides using the enzyme-cou- 
pled microplate assay. We first determined the kinetic pa- 
rameters of SIRT1 for these peptides: an 11-mer PGC-la 
peptide that contains both the +1 tyrosine and the +6 phe- 
nylalanine suggested to have a beneficial effect on resver- 
atrol activation, a hexameric FOXO3a peptide that has a 
tryptophan at the +1 position, and, for comparison, the 
p53-AMC peptide (Fig. 5A-E). While the addition of res- 
veratrol significantly lowered the Km value for the p53- 
AMC peptide, the changes with PGC-la and FOXO3a 
are less pronounced (Fig. 5E). For the two native peptides, 
we found no stimulation of SIRT1 activity with the 
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RHKK-AMC/Res + Ac-RHKK(Ac)-AMC 25.849.6 0.185+0.014 7.1742.72 
PGC-1a/Res - TKSK(Ac)YDSLDFD 120.9412.6 0.077+0.003 0.64+0.07 
PGC-1a/Res + TKSK(Ac)YDSLDFD 103.648.6 0.058+0.001 0.56+0.05 
FOXO 3a/Res - QLSK(Ac)WP 135.526.6 0.17120,002  1.26+0.06 
FOXO 3a/Res + QLSK(Ac)WP 132.2414.7 0.15140.005 1.1440.13 


Figure 5. Resveratrol effect on native peptides. (A-D), Titration curves for determination of Km values of SIRT1-143CS toward the indi- 
cated peptides in the absence (black curves) and presence (red curves) of 0.2 mM resveratrol. An enzyme concentration of 200 nM in B, as 
opposed to 400 nM in the rest, was used to slow down the reaction for better precision measurement. (E) A summary of measured Michae- 
lis-Menten kinetic parameters for the indicated peptides in the absence and presence of 0.2 mM resveratrol. (F) Deacetylase activities of 
SIRT1 fragments 143-CS and 89-747 toward the indicated peptides measured at 400 nM and 50 uM enzyme and peptide concentrations, 
respectively, in the absence and presence of 0.2 mM resveratrol. (G) Superposition of the fluorophoreless acetylated p53 peptide (carbon 
colored yellow) from an archaeal sirtuin complex (PDB ID 1MA3) with the SIRT1 ternary complex. Residue positions with respect to the 


acetylated lysine are indicated. 
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addition of resveratrol under nonsaturation conditions in 
our assay using both the crystallized and the nearly full- 
length SIRT1 fragments (Fig. 5F). This result is consistent 
with the structural findings, as the AMC group in the p53- 
AMC peptide occupies the path of the main chain position 
of native peptides as seen in the structures of sirtuin—pep- 
tide complexes, and, in this manner, the side chain of the 
+1 residue in the SIRT1 complex with a native peptide 
cannot bind the protein in a way similar to that of the 
AMC group (Fig. 5G; Avalos et al. 2002). 


Discussion 


SIRT 1 differs from other mammalian sirtuins in having an 
extended NTD, which has been suggested to be a target for 
allosteric activation of SIRT1 activities. While it has been 
demonstrated that it indeed mediates the activation to- 
ward artificial peptides bearing a fluorophore group at 
the +1 position, there is considerable confusion with re- 
gard to activation of SIRT1 activity toward natural sub- 
strates. However, it is not unprecedented that an NTD 
of sirtuin harbors an allosteric activation mechanism to- 
ward native substrates. For example, binding of Sir4, prin- 
cipally through the NTD of Sir2, stimulates deacetylation 
of H4K16 by Sir2 (Tanny et al. 2004; Hsu et al. 2013), and 
binding by AROS and Lamin A, suggested via the NTD of 
SIRT1, potentiates the activity of SIRT1 toward p53 (Kim 
et al. 2007; Liu et al. 2012). Therefore, it is possible that, 
by modeling the protein-protein interaction effect with 
small molecules, allosteric activation of SIRT1 activation 
may be achieved. To learn about possible mechanisms, 
the structure of the NTD-containing SIRT1 complex 
with resveratrol and the fluorogenic peptide can serve as 
a model for mechanistic analyses. 

Our structure shows that two of the three bound resver- 
atrol molecules mediate the interaction between the p53- 
AMC peptide and the NTD of SIRT1. The NTD contains a 
core of three helices, which are arranged in a manner sim- 
ilar to that of three of the five helices in the NTD of yeast 
Sir2, although the NTDs are positioned quite differently 
with respect to their respective CDs in ligand-bound 
structures. A common feature of the two structures is 
that there are rarely any direct contacts between the 
NTD and CD in both proteins. It has been previously sug- 
gested and confirmed by molecular dynamics simulation 
that the two domains in Sir2 are not stably held together 
in the absence of Sir4 (Hsu et al. 2013). It is expected 
that the same is true for SIRT] when the peptide and 
resveratrol are not bound. The structure shows that res- 
veratrol serves as an adaptor to bridge the NTD and the 
peptide together by principally interacting with the 
peptidyl AMC moiety on one side and via specific NTD 
residues on the other side. The structural findings are 
consistent with previous as well as our enzyme kinetics 
and binding results that resveratrol lowered the Km value 
of the fluorogenic peptide and increased the binding 
affinity between the peptide and the enzyme (Howitz 
et al. 2003; Borra et al. 2005; Kaeberlein et al. 2005). 

As with native peptides carrying no fluorophore, we did 
not detect significant changes of Km values with and with- 
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out resveratrol and observed no stimulation of deacetylase 
activity of SIRT1 upon addition of resveratrol in our exper- 
iments. This is in agreement with several previous reports 
(Borra et al. 2005; Kaeberlein et al. 2005; Beher et al. 2009; 
Pacholec et al. 2010; Liu et al. 2012) and contrasts with 
some others (Dai et al. 2010; Hubbard et al. 2013). Signifi- 
cantly, the two native peptides used in our experiments all 
have an aromatic residue at the +1 position, and the PGC- 
la peptide also contains an additional aromatic residue at 
the +6 position, which has been suggested to further stim- 
ulation of SIRT1 activity by STACs (Hubbard et al. 2013). 
From a structural point of view, the inability of resveratrol 
to stimulate SIRT1 activity toward native peptides may 
stem from the difference in the positioning of the +1 aro- 
matic residue in native peptides and the coumarin group 
in p53-AMC. However, the mechanism of SIRT] activa- 
tion learned here—namely, resveratrol serves as an adap- 
tor to strengthen the binding between the fluorogenic 
peptide and the NTD of SIRT1—should work for native 
peptides in principle if suitable compounds can be identi- 
fied to mediate proper interactions between the substrate 
and SIRT1. The structural information obtained here 
may facilitate a computational search of such compounds. 
The structural property of SIRT1, together with further 
information on protein-protein interaction, should also 
benefit the understanding of new activation mechanisms 
of SIRT1 involving additional binding factors, such as 
Lamin A, which is reported to synergize with resveratrol 
to stimulate SIRT1 activity (Liu et al. 2012). 


Materials and methods 


Protein expression and purification 


Human SIRT1 fragments were all expressed as his-sumo-tagged 
proteins in the BL21(DE3) strain of Escherichia coli using a 
pET28a-smt3 vector. The fragments used for crystallization stud- 
ies—SIRT1-143 and SIRT1-143CS—encompass the NTD, the 
CD, and the C-terminal ESA region (amino acids 143-512 and 
641-665). SIRT1-143CS differs from the wild-type SIRT1-143 by 
substitution of four cysteine residues to serine (C253S, C2688, 
C501S, and C502S) to improve the protein property for crystalli- 
zation. SIRT1-241 and SIRT1-241CS are corresponding trunca- 
tion variants lacking 240 N-terminal residues (amino acids 
241-512 and 641-665). The longest SIRT1 fragments used in 
this study lack 88 N-terminal residues (amino acids 89-747). 
All SIRT1 fragments were expressed and purified following a pro- 
tocol similar to that described below. Cells reaching a density 
of OD6oo ~0.6-0.8 were induced with 0.3 mM IPTG for ~18 h at 
16°C. Harvested cells were resuspended in a buffer containing 
20 mM Tris (pH 8.0), 500 mM NaCl, 5% glycerol, and 1 mM 
PMSF and were lysed by sonication. The cell lysate was clarified 
by centrifugation, and the supernatant was applied to a Ni-IDA 
column and eluted via a 0~100 mM imidazole gradient in 
20 mM Tris (pH 8.0), 200 mM NaCl, and 5% glycerol. Eluted frac- 
tions enriched with the recombinant protein were pooled and 
treated with sumo protease for 2 h, and then the sample was dilut- 
ed and loaded onto the Ni-IDA column again to remove the his- 
sumo tag. Afterward, the tag-free protein was concentrated 
and loaded onto a Superdex HiLoad 75 16/60 size exclusion col- 
umn (GE Healthcare) in a buffer containing 20 mM HEPES 
(pH 7.5), 150 mM NaCl, 10% glycerol, and 0.1% B-mercapto- 
ethanol. High-purity fractions were pooled and concentrated to 
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~36 mg/mL, and the freshly purified proteins were used for 
crystallization. 


Peptides 


The p53-AMC peptide carrying the sequence of [acRJHK[Kac]- 
AMC, where [acR] stands for Na-acetylated arginine, and [Kac] 
stands for Ne-acetylated lysine, was purchased from Sangong 
Biotech (Shanghai). Remaining peptides—PGC-la (TKS[Kac] 
YDSLDFD) and FOXO3a (QLS|Kac]WP]—were purchased from 
Scilight Biotechnology. 


Crystallization, data collection, structure determination, 
and refinement 


The p53-AMC peptide was dissolved in water at 100 mg/mL, 
and a stock solution of 50 mM resveratrol (Sigma) in 50% 
DMSO was prepared. The peptide was added at 2:1 and resveratrol 
was added at 5:1 molar ratios with respect to SIRT1, and the 
mixture was incubated overnight at 4°C and centrifuged before 
setting up for crystallization. Crystals of the SIRT1-143CS, 
p53-AMC, and resveratrol complex were grown at 16°C by hang- 
ing-drop vapor diffusion using 1.0 uL of the protein-peptide— 
resveratrol mixture (~32-36 mg/mL) and 1.0 uL of reservoir solu- 
tion (0.9 M sodium malonate, 0.5% Jeffamin M-600, 0.1 M HEPES 
at pH 7.8). 

For X-ray data collection, the crystals were flash-frozen in liq- 
uid nitrogen using a cryoprotectant prepared from the reservoir 
solution supplemented with 15% ethylene glycol. Diffraction 
data were collected at Beamline BL17U of the Shanghai Synchro- 
tron Radiation Facility (SSRF) using a Quantum 315r CCD detec- 
tor (ADSC) at a wavelength of 0.9792 A, and the data were 
processed using HKL2000 (Otwinowski and Minor 1997). The 
crystal belonged to the P4, space group, and there were three com- 
plexes per asymmetric unit. The structure was solved by molec- 
ular replacement with the Phaser software (McCoy et al. 2007) 
using the structure of the CD of human SIRT1 (PDB ID 415]) as 
the search model. The remaining structure was manually built 
using Coot (Emsley and Cowtan 2004), and refinement was car- 
ried out using Refmac (Murshudov et al. 1997) and Phenix (Ad- 
ams et al. 2010). The refined structure has a R-work and R-free 
of 20.7% and 25.2%, respectively. The density for one of the three 
SIRT1 molecules (chain C) in the asymmetric unit was poor, as 
also reflected in its higher average B factor (156.7 A? compared 
with 74.9 A? and 78.1 A? for chain A and chain B, respectively). 
The region spanning residues 157-173 of SIRT1 was disordered 
in the model, preventing us from reliably connecting an N-termi- 
nal fragment (142-156) to the major body of SIRT1. Detailed sta- 
tistics for data collection and refinement are in Supplemental 
Table S1. 

Atomic coordinates and diffraction data have been deposited 
with PDB under accession code 5BTR. 


Enzyme-coupled deacetylation assay 


The deacetylase activity of SIRT1 was measured using a continu- 
ous, enzyme-coupled microplate assay (Smith et al. 2009). In 
brief, the reaction product nicotinamide was converted to nico- 
tinic acid and ammonia by nicotinamidase PncA. Next, gluta- 
mate dehydrogenase converted ammonia, a-ketoglutarate, and 
NADH to glutamate and NAD*. The oxidation of NADH was 
measured spectrophotometrically at 340 nm using a Multilabel 
reader (Enspire, PerkinElmer), with the extinction coefficient 
for NADH of 6.22 mM7! cm™!. 

Determination of K,, values and measurements of SIRT1 
deacetylase activities were performed with individual peptides 


SIRT1 structure 


at various concentrations but with the rest of the conditions fixed 
unless explicitly stated otherwise; i.e., 2 mM NAD, 400 nM 
SIRT1-143CS, 0.2 mM NADH, 3.3 mM a-ketoglutarate, 1 uM 
PncA, 3 U of bovine liver glutamate dehydrogenase (Sigma), 
1 mM DTT, and 2% DMSO in PBS buffer (pH 7.4). Recombinant 
PncA was prepared according to a published protocol (Garrity 
et al. 2007). The reactions were carried out in 100 uL with a 
flat-bottom 96-well plate. The assay mixtures without NAD 
were first incubated for 5-10 min at 37°C until the absorbance 
at 340 nm reached equilibrium. Next, the reactions were initiated 
by the addition of NAD (2 uL of stock solution at 100 mM), and 
changes of absorbance at 340 nm were recorded and analyzed con- 
tinuously for 15 min. Readings from control reactions lacking 
NAD were taken as the background and subtracted from that of 
reactions containing NAD. 

For determination of K,, values, individual peptides with con- 
centrations ranging from 10 to 800 uM were titrated in the ab- 
sence or presence of 0.2 mM resveratrol. A SIRT1 concentration 
of 200 nM, instead of 400 nM as in other measurements, was 
used in the measurement of Km value of the p53-AMC peptide 
with resveratrol. 

The data were first analyzed using Excel and then fitted to the 
Michaelis-Menten equation using GraphPad Prism (GraphPad 
Software, Inc.). The kinetic parameters were calculated according 
to the Lineweaver-Burk plot. Deacetylation activities were mea- 
sured in the absence and presence of 0.2 mM reseveratrol and pep- 
tide concentrations at 100 uM for p53-AMC and 50 uM for PGC- 
la and FOXO 3a. The data were also analyzed using Excel and 
GraphPad Prism, and the deacetylation rates were obtained 
from the velocity calculated from the linear portion of the curves. 
All of the measurements above were repeated three times. 


ITC measurements 


All ITC measurements were carried out at 25°C using an ITC200 
calorimeter (MicroCal LLC). Except for the experiment with the 
E230R/R446E sample, a total of 20 injections of 1.5 mM peptide, 
with a 0.5-uL first drop (data not used) and 2-uL subsequent drops, 
was titrated into a 200-uL well of 0.1 mM protein solution. For 
the E230R/R446E mutant, a peptide concentration of 4 mM 
was used. The reference power was set at 5 uCal/sec, initial delay 
was set at 60 sec, and the sample cell was stirred at 600 rpm. In- 
jections were carried out at 0.5 wL/sec with an interval of 2 min 
between injections. The titrant and the protein well solution 
were in the same buffer (20 mM HEPES at pH 7.5, 150 mM 
NaCl, 10% glycerol), all with or without 0.5 mM resveratrol. 
Buffer control for each experiment was performed under the 
same conditions without peptide in the titrant, and the measured 
background heat was subtracted from the integrated data. All of 
the data were integrated and analyzed using a one-site model 
with the Origin software (Origin Laboratory). 
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